We demonstrate a technique for estimating the location of the hippocampus in MRI and CT images for use in radiotherapy treatment planning, using both rigid and contour based deformable image registration. The automatically generated contours can be subsequently modified for a given patient. By mapping the hippocampi from several patients into a template image set, a population-based average hippocampal atlas was generated. Approximate hippocampal contours can be automatically generated in a given image set by mapping this atlas onto it. The performance and accuracy of several atlases generated in different ways was tested on 10 MRI images and 7 CT images. Auto-contouring based on deformable registration significantly outperformed that based on rigid registration alone, with an average Dice similarity score of 0.62 (range .40-.76) for methods utilizing deformation. Comparable results were achieved in auto-contouring CT images when deformable registration was used, demonstrating that the methodology is robust with respect to imaging modality.
Introduction
WBRT is commonly used as a treatment for patients with multiple brain metastases, and as a prophylactic treatment for those with small cell lung cancer, and possibly even non small cell lung cancer. (1, 2) There is mounting interest in whole brain radiotherapy (WBRT) modified to spare certain brain structures, including the hippocampi. (3-5) The hippocampi are one of two regions in the brain that contain neural stem cells. It has been demonstrated in rodents that the stem cell compartments in the subgranular zone of the hippocampi and the subventricular zone adjacent to the hippocampi are relevant to the generation of neurons involved in certain memory functions (6) (7) (8) , and that this compartment is exquisitely radiosensitive. (9, 10) Therefore, hippocampal avoidance might not be directly relevant, but rather the actual sparing of these stem cell compartments. It has been hypothesized that sparing these stem cell compartments when delivering WBRT could mitigate some of the long term decline in neurocognitive function (NCF) that can result from WBRT, especially the functions of memory recall, and possibly memory potentiation.
One challenge with hippocampal-sparing WBRT is that it may be difficult to identify the hippocampus on MRI and CT images. We describe an atlas-based contouring technique that enables the automatic estimation of hippocampal contours, specifically for use in hippocampal sparing WBRT. We are by no means the first to implement such a segmentation technique and alternatives for semi-automatic contouring of the hippocampi exist, often in the context of epilepsy or Alzheimer's disease (11) (12) (13) (14) (15) . Lijn et al., provides a good overview of some of the recent work in the field (16). This prior literature describes considerable age and disease-specific variability in hippocampal size and location, thereby limiting the global generalization and applicability of any autosegementation/ contouring technique for the precise delineation of the hippocampi in a given patient, using a population-generated atlas or contour. For our work, however, we are not as concerned with exact size or shape information for two reasons. First, we aim to develop a fast and user-friendly tool that can aid in hippocampal contouring, one that can provide an initial estimate with the intention of subsequent user review and modification. Second, margins are added to the hippocampus prior to treatment planning, currently a 5 mm isotropic margin at our institution, resulting in a conformal avoidance volume much larger than a typical hippocampus. In our 100-patient database, the average hippocampal volume is 5.10 ml, while the 5 mm isotropic expansion (i.e., conformal avoidance volume) has an average volume of 35.2 cc, nearly a seven-fold increase. Therefore, subtle inaccuracies in the shape or size of the hippocampus, although relevant in other disciplines, are not of practical concern for hippocampal avoidance WBRT. The 5 mm expansion is applied to allow for setup uncertainty and dose falloff. The consequences of this in terms of the risk of missing microscopic disease near the hippocampus have been estimated in previous work (3). 8% of patients in that study had metastases within a 5 mm margin of the hippocampus. Given this sample size and assuming that the risk of development of a subsequent brain metastasis scales in the same proportion as the relative frequency of metastases located within 5 mm from the hippocampus at presentation, an upper 95% confidence limit of a 15.2% risk of developing a metastasis after treatment within 5 mm of the hippocampus was found.
An additional consideration is that we are interested in developing a method that is robust with respect to changes in imaging modalities. Many of the hippocampal contouring techniques available rely on image based deformable registration. Although it is possible to get excellent results with such techniques, because of the use of image based deformation they may not be as robust to changes in imaging modalities. For our work we will limit the registration to a contour based technique based only on the gross shape of the brain, which is readily identifiable in MRI and CT images. We will develop multiple population based hippocampal atlases, based on the post-contrast T1-weighted MRI images of 100 patients, and we will then determine how well these atlases work for the purpose of generating approximate hippocampal contours for a given set of test patients (separate from the initial 100 patients). We will consider the use of these atlases for images of the same modality, and to demonstrate that the technique is robust, we will use the MRI-derived atlases on CT images. Our ultimate goal is to be able to produce an initial estimate for the hippocampus for any given patient in a short period of time, on the order of minutes, and to be able to do so in a way that is robust to changes in imaging modality.
Materials and Methods

Atlas Construction
We utilized the post-contrast T1-weighted MRI image data sets of 100 patients (or subsets thereof as discussed later) treated at our institution with external beam radiotherapy for intracranial disease for generating all of our population-based hippocampal atlases. The database consisted of 49 females and 51 males. The only criterion for exclusion was a disease burden in excess of 50 ml. Most of the brain metastases in the database were not near the hippocampus, and a significant mass effect on the hippocampus did not exist in most cases. All but one of the patients had brain metastases. All images utilized a 3D SPGR imaging sequence (17), and images from both 1.5T and 3T scanners were used. The resolution of the images in the axial plane ranged from 0.86 to 0.94 mm while the resolution in the superior-inferior direction was 1.5 mm in all but 5 cases where it was 3 mm. Most of the MRI scans had been fused to CT images sets necessary for treatment planning, and given that spatial distortions typical of MRI scans are not present in CT images, this provides assurance that the MRI scans were not severely distorted spatially. These atlases were generated by mapping a series of individual hippocampi to a template image set using the registration techniques available in the Pinnacle3 v8.1w (Philips Medical, Fitchburg WI) treatment planning system. The hippocampal contouring was performed by an expert, according to an established protocol (18). This accumulation of multiple hippocampi in this template image set forms the hippocampal atlas, which will be described in more detail later. The template image set was chosen to be the single subject image available from the International Consortium for Brain Mapping (ICBM). (19) The volume of the brain in this image was found to be 1864 ml, significantly larger than any of the brain images in our 100-patient database. (The brain volumes for the patients in our database ranged from 1023 ml to 1714 ml, with an average of 1361 ml and standard deviation of 155 ml). A large difference in brain volumes can be problematic when attempting to do contour based deformable registration. Since in its original form the ICBM single subject template brain would be larger than all of the brains in our database, we chose to scale the ICBM image down by a factor of 0.9 in all three dimensions, so that the brain volume was close to the average found in our database. The relatively large size of the ICBM template has been noted by others (20).
Multiple techniques and sub-populations were considered when developing the population based hippocampal atlases. Specifically, we considered males and females separately and together (resulting in three groupings), and for each grouping we considered three mapping techniques, namely rigid registration and two variations of contour based deformable registration, for a total of nine atlases. Automatic rigid registration was used and restricted to parts of the image within the brain contours (as determined by the model based segmentation tool available in the treatment planning system). This restriction was done to prevent the skull or facial features from influencing the registration. For deformable registration the Thin Plate Splines (TPS) and Elastic Body Splines (EBS) algorithms were used. The contours used to drive the deformation were the outlines of the brain in the images. The dementia and Alzheimer's literature demonstrates an age-effect on the size of the hippocampus; we did not correct for this variable, because our primary purpose is to spare the subgranular zone and adjacent subventricular zone stem cell compartments, for which no accurate size estimates are available, in terms of the impact of age; the use of smaller hippocampal volumes in older patients might actually increase the risk that the subventricular stem cell compartment become more vulnerable to radiation injury.
To construct the population-based average hippocampal atlases, all patient images in the given population (males only, females only, or both together) were individually registered to the ICBM template image. Figure 1 (a) shows an example of how this was accomplished for one of the 100 patients, using the rigid registration technique only, i.e., without any deformation. The moveable image on the left illustrates the brain contour in red and the hippocampus in blue. After rigid registration with the scaled ICBM template (right), the hippocampus contour is copied into it. This process was repeated in a similar manner for all patients, accumulating all hippocampal contours in the template image set, the result of which is shown later. The brain contours in this report were all generated using the model-based segmentation technique available in the treatment planning system. Figure 1 (a) was deformed so that the original brain boundary as outlined in red in the left panel of Figure 1 (b) now matches the template brain boundary shown in green. The resulting deformed hippocampus is depicted in pink, which was then copied onto the ICBM template (right panel). This process was repeated for all patients resulting in another set of contours that will produce another population-based hippocampal atlas, but this time, utilizing TPS deformation. A total of nine atlases were constructed in this way for the different sub-populations and registration techniques as described earlier.
For any given atlas construction technique and patient population, after the hippocampal contours were accumulated in the ICBM template space, a population-based average hippocampal atlas was created. Each of the hippocampal contours contributed a value of 1 to this atlas. In this way, the image value at any given point in the atlas is equal to the number of individual patient hippocampal contours containing that point. Figure 2 , which will be discussed in more detail later, shows one slice of one of the population-based average hippocampal atlases (bottom left) and the ICBM template on which it is defined (top left). This example shows the atlas created with all 100 patients and the TPS deformation algorithm.
Automatic Estimation of Hippocampal Contours
In order to test the fidelity of our population based hippocampal atlases we applied them to 10 test patients (which were not part of the population used to derive the atlases). This is done by registering the atlas to a given test patient using the same techniques that were used to generate the atlases. The actual hippocampi of the 10 test patients were manually contoured on the MRI images prior to the automatic contouring process, in the same manner that the initial 100 were. Two different metrics were used to evaluate the performance of the auto-contouring results: The average distance separating the manual and automatic contours, and the Dice similarity score. (21) The average separation distance is determined by first computing, on a point-by-point basis on the surface of the manually contoured hippocampus, the minimum distance to any point on the automatically contoured hippocampus. Panel (a) shows the patient image on the left with the brain contour in red and the hippocampus in blue. In this case only rigid registration is used and the hippocampus contour is copied into the template image set as shown on the right in blue. Panel (b) shows an alternative mapping technique using image deformation. The original patient's brain contour is shown in red and the template image's brain contour is shown in green. In this case a TPS deformation is performed to map the red contour to the green one. The result of this deformation on the original patient hippocampus (blue) is shown in pink, which is then copied into the template image set shown on the right. The average of these minimum distances across the entire hippocampal surface is what we refer to the average separation distance. The Dice similarity score is equal to the intersection of the two volumes divided by the average of the two volumes. The following describes the details of how the estimated location of a patient's hippocampus is obtained.
After the ICBM template image (and co-registered hippocampal atlas) is registered to the given test patient using either rigid or deformable image registration (depending on how the atlas in question was generated, keeping the methods consistent), a contour is defined on the hippocampal atlas by applying a threshold to the atlas (i.e., defining a contour around points in the atlas that exceed a certain image value). In this way the resulting contour is potentially influenced by all of the hippocampi that make up the atlas, a strategy that has been used by other groups to improve segmentation results (11, 22, 23) .
The threshold level was chosen on a patient-by-patient basis so that the volume of the resulting contour was as close as possible to the average hippocampal volume of 5.10 ml, which is the average hippocampal volume for the 100 patients used to generate the atlases. Note that this threshold will be different for any given patient when deformation is used because the patient specific deformation will influence the volume of the hippocampal atlas. The result is therefore, an automatic hippocampus contour that always has a volume near 5.10 ml for any given patient. Due to the discrete intensity levels in the atlases, the actual volumes of the automatically generated hippocampi estimates for the test patient set (considering all populations and methods considered here) averaged to 5.04 ml (SD 0.11 ml, range 4.83 -5.32 ml). Instead of selecting a threshold to give an estimated hippocampus with a volume near 5.1 ml, one could instead select a hippocampus volume based on the volume of the brain in question. However, for our database the correlation between hippocampus and brain volumes was weak, with a Pearson correlation coefficient of 0.3. A linear fit to the data was found to be HV = 0.00163 (BV -1362 ml) + 5.1 ml, where HV is the best-fit hippocampus volume (left and right combined) and BV is the brain volume. Using this formula to compute the estimated hippocampus volume for all of the 100 patients in the database used to construct the atlases resulted in an average discrepancy between actual and estimated volumes of 0.62 ml, while using a fixed volume of 5.1 ml resulted in an average discrepancy of 0.66 ml. Given that the improvement is less than 0.1 ml on average, we chose not to use such a correction, especially considering that after contouring the hippocampus is expanded by 5 mm for planning purposes. Figure 2 shows an example of how the estimated hippocampus is generated for one of the atlases generated using deformable registration. The top left shows the template image along with the associated brain contour (green). This template image is co-registered to a population based average hippocampal atlas, in this case generated using all 100 patients and the TPS deformation algorithm, shown at the bottom left in grayscale. The mapping of the ICBM template brain contour in green to the test patient's brain contour in yellow defines a deformation that is then applied to the population based average hippocampal atlas. The result of this deformation is shown at the bottom right, where a threshold has been applied to the deformed atlas (blue contour) with a patient specific threshold of 24 to yield a region of interest for the estimated hippocampi. This patient specific threshold was chosen as discussed before to ensure that the volume of the resulting automatic hippocampus contour was as close as possible to 5.10 ml. Finally, this region of interest (blue contour) is copied to the patient image where it serves as the estimated location of that patient's hippocampus. When atlases based on rigid registration were used the deformation step was skipped, to preserve the consistency between the registration technique used to generate the atlases and the technique used for automatic estimation of the hippocampal contour. Figure 2 : An example showing the use of a population based average hippocampal atlas for the generation of an automatic hippocampal contour. The template image and its associated atlas are shown on the left. The mapping of the green brain contour on the template to the yellow one on the test patient defines a deformation field that is then applied to the atlas, the result of which is shown on the bottom right. A threshold is then applied to the atlas, with a patient specific threshold of 24, and finally this contour (blue) is copied to the test patient.
To investigate the ability of the method to identify approximate hippocampal contours in different image types, the technique was applied to CT images. Seven of the 10 test patients had CT images available. The 'true' hippocampi in these CT images were identified by co-registering the existing MRI image, where the hippocampi had been identified. The estimated hippocampi were defined in the same way as discussed previously; this necessarily involved registering the ICBM template image with CT images, i.e., a registration across different patients and different imaging modalities. Results for these automatic contours were compared to the results of auto-contouring the same patient using the MRI image instead. Figure 3 shows an example of the result of the automatic contouring technique in three planes from a typical test patient. The results for this test patient was worse than average in terms of the Dice similarity score but better than average in terms of the average separation distance between automatic and manual hippocampal contours. The red contours are the manually contoured hippocampi and the blue contours show the automatically generated estimate of the hippocampus. The average separation between the automatic and manual contours was 2.17 mm, with a Dice similarity score of 0.49. Figure 4 shows three surface plots (viewing from a superior/ medial angle) of the manually contoured hippocampi representing the best, lower-median, and worst contouring results (in terms of average separation distance between manual and automatic contours) for the atlases based on all 100 patients utilizing either TPS or EBS deformation. The color scale, spanning from 0 mm in blue to 8 mm and above in dark red, represents the minimum distance from a given point on the displayed surface of the manual hippocampal contour to the automatically generated hippocampal contour. There is a distribution of distances (i.e., colors) for any given manual contour and a histogram of the distances is shown accompanying each surface plot. The top row shows results for the right hippocampus of test patient 8 using the EBS algorithm (best result), the middle row is the left hippocampus of test patient 3 using the TPS algorithm (lower-median result), and the bottom row shows the left hippocampus of test patient 6 using the TPS algorithm (worst result). In general the most common place where the automatically generated hippocampal contours was furthest away from the expert-defined hippocampal contours were the head and the tail of the hippocampi, i.e., the most caudal-ventral and cranio-dorsal ends of the hippocampi. This is particularly evident for example in the bottom row of Figure 4 . However, the subgranular zone, which harbors one of the neuronal stem cell compartments, is more centrally located in the hippocampus, so this may not be a significant limitation of our method. Note that part of the subventricular neuronal stem cell compartments are located just lateral from the subgranular zone on either side of the hippocampi on the lateral ventricular walls.
Results and Discussion
To investigate any effect of atlas construction technique, laterality, or patient gender on the performance of the automatic hippocampal contouring technique, a four-factor analysis of variance (ANOVA) was performed. The average separation distance between automatic and manual contours as discussed before was used as the response variable and four factors were considered: Laterality (left vs. right), gender specificity of the atlas (i.e., atlas constructed with females only for female test patients and males only for male test patients, vs. atlases based on males and females together), patient gender (i.e., male test patient vs. female test patient), and registration method (Rigid, TPS, EBS). Laterality and gender specificity were not significant predictors (p = 0.51 and 0.84 respectively). Test patient gender (p = .005) and registration method (P < .0001) were significant predictors accounting for 4.4% and 34.8% respectively of the sum of squares variability in the auto-contouring performance. The male test patients had better auto-contouring results than the female test patients. This may have to do with the fact the ICBM template image is from a male. Multiple-comparison testing for the registration method was carried out using Scheffé's test, which showed that atlases based on rigid registration alone performed significantly worse than those based on deformable registration, while no significant difference exits between the two deformation algorithms (EBS and TPS). The superiority of deformable registration techniques over Figure 3 : Three orthogonal slices from a typical test patient. The red contour is the manually segmented hippocampus, the blue contour is the automatically estimated hippocampus using a patient specific threshold of 24, and the green contour is the expansion by 5mm in all directions of the blue contour.
rigid registration alone has also been demonstrated in other studies (24). Scheffé's test allows one to accommodate unequal sample size and is furthermore quite robust to violations of the assumptions underlying ANOVA, namely homogeneity of variance and normality of the underlying data.
(25) Figure 5 shows the distribution of average separation distances between manual and automatic contours for all of the test patients. Horizontal lines within the boxes on the Box and Whisker plot depict the means. The boxes illustrate the 95% confidence intervals for the means as determined by Scheffé's test. The overall range in the data is also shown. Furthermore, the four-factor ANOVA did not identify any statistically significant interactions between any of the factors: laterality, gender specificity, patient gender, or registration method. Figure 6 shows results for the Dice similarity score for a subset of the results, again in a Box and Whisker plot. Because no advantage was found when using gender-specific atlases (i.e., atlases based on males alone when contouring male hippocampi and females alone when contouring female hippocampi), Figure 6 is based on the 100-patient atlases only (i.e., the non gender-specific atlases). Note that although there was a difference in contouring results between male and female test patients, this should not be confused with the result that using gender specific atlases was not beneficial. Additionally, since no significant effect was noted in terms of laterality (i.e., the contouring results for the left hippocampus were not significantly different than that for the right), the right and left hippocampal contours were considered as a single structure for generating Figure 6 . A statistically significant disadvantage was found for methods utilizing rigid registration alone while the performance difference between the EBS and TPS methods was not significant. This is consistent with the results as discussed with Figure 5 .
The results for auto-contouring on a CT image are shown in Figure 7 along with the corresponding results for the same 7 test patients with MRI images. (No CT image was available for 3 of the test patients, so those 3 patients were omitted from the MRI group in Figure 7 to ensure a fair comparison.) No statistically significant difference is evident and the ranges in Dice similarity scores are similar, demonstrating that the method is robust across imaging modalities. Note that the results shown in Figure 7 are for methods utilizing deformation only, since deformation was found to be advantageous over rigid registration alone. This result was confirmed by comparing average separation distances between automatic and manual contours.
We have shown using population-based average hippocampal atlases that it is possible to automatically estimate the contour for a patient's hippocampi in MRI images with an average Dice score of 0.62 (range 0.40 -0.76) and average separation of 2.26 mm (range 1.6 -3.5 mm) when contour based deformable registration is used, and a dice score of 0.46 (range 0.13-0.65) and average separation of 2.85 mm (range 2.04 -4.82 mm) when rigid registration alone is used. Although other hippocampal contouring techniques can perform better, with average Dice similarity scores of 0.85 (16), we have also demonstrated that the technique described here is not limited to a single imaging modality. This is likely due to the fact that it only relies on the gross shape of the brain for deformable registration. The choice of additional landmarks other than the gross contour of the brain may enable us in future work to improve upon the results obtained here. Potential additional landmarks would be the lateral ventricles and brainstem, which are readily identifiable in MRI and CT. Additionally, the relatively small but statistically significant disadvantage when contouring females vs. males should be investigated further.
It should be emphasized that we do not recommend using this methodology alone to routinely define the patient-specific hippocampal avoidance region for treatment without subsequent modification on a patient-by-patient basis. In clinical practice, the automatically generated estimate of the hippocampus could be used as an initial estimate for this structure and we hypothesize that this may reduce inter-observer variation and expedite the contouring process. This initial hippocampal contour can easily be modified in the treatment planning system to fit the actual patient under consideration, and the process may be easier than drawing the contours manually without guidance.
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